INTRODUCTION
============

Breast cancer is the most common invasive cancer and is the second most common cause of deaths in women. Breast cancer is usually treated surgically, followed by chemotherapy and immunotherapy or radiation therapy, or both in cases of advanced cancer \[[@B1],[@B2]\]. Metastatic breast cancer is the most serious and incurable disease with a 2- to 3-year median overall survival \[[@B3]\]. In advanced breast cancer patients, chemotherapy is generally recommended in patients with hormone receptor negative tumors, endocrine-resistant disease of the luminal subtype, and rapidly proliferating disease \[[@B4],[@B5]\]. Generally, cyclophosphamide and adriamycin are used for chemotherapy, and sometimes, a taxane drug such as docetaxel is added \[[@B5],[@B6]\].

Docetaxel is an antimitotic chemotherapeutic agent used for treating patients, who have locally advanced or metastatic breast cancer and have undergone unsuccessful anthracycline-based chemotherapy \[[@B5],[@B6],[@B7]\]. Docetaxel exerts its cytotoxicity by promoting tubulin polymerization and stabilizing microtubule assembly, while preventing physiological microtubule depolymerization \[[@B4]\]. This action significantly decreases free tubulin needed for microtubular formation and inhibits mitotic cell division between metaphase and anaphase, thus preventing further cell progeny. Clinically, docetaxel may inhibit the proliferation of breast cancer cells, but the drug results in several adverse effects in normal cells \[[@B8]\].

Selenium is well known as an essential micronutrient for human health \[[@B9]\] and has been recently regarded as a potent nutritional anticancer element. In breast cancer, various ecological studies and case-control studies have found an inverse relationship between selenium levels and cancer risk and mortality \[[@B10],[@B11]\]. An experimental study showed that the administration of selenium reduced the rate of breast cancer cell growth in an *in vitro* setting \[[@B12]\]. Selenium administration of 0.8-µg/g body weight was associated with an 80%-93% reduction in the rate of breast cancer cell growth, without apparent adverse effects on the host \[[@B12]\].

Some cancer patients experience several adverse effects after radiotherapy and chemotherapy as well as develop chronic lymphedema resulting from cellular processes during oxidative normal cell damage in the human body \[[@B13]\]. Selenium has recently been suggested as an alternative remedy against chemotherapy and radiotherapy-associated side effects as well as its effects on lymphedema \[[@B14],[@B15],[@B16],[@B17],[@B18],[@B19]\].

Selenium supplementation may be beneficial in advanced breast cancer patients undergoing chemotherapy, considering its anticancer properties and added potential to control side effects and lymphoedema caused by chemotherapy. However, the combination effects of selenium in chemotherapy for advanced breast cancer have not yet been clearly defined.

Therefore, we hypothesized that a combination therapy with selenium may be beneficial for inhibiting breast cancer cell growth in an experimental setting of conventional chemotherapy with docetaxel for advanced breast cancer. The aim of this study was to investigate the combination effects of selenium in chemotherapy with docetaxel in breast cancer cells, MDA-MB-231 and MCF-7, in comparison with solitary chemotherapy therapy.

METHODS
=======

Cell culture
------------

Two human breast cancer cell lines (MDA-MB-231 and MCF-7) were obtained from American Type Cell Culture (ATCC, Bethesda, MD, USA). The experimental cells were cultured in tissue culture dishes (Cat no: 353003, Falcon, San Jose, CA, USA) in Dulbecco\'s modified Eagle\'s medium (DMEM) containing 10% fetal bovine serum (FBS). Cultured cells (5 × 10^5^) were grown at 37℃ in a humidified atmosphere containing 5% CO~2~.

Assessment of cell growth after treatment
-----------------------------------------

For each cell line, 5 × 105 cells were seeded in DMEM containing 10% FBS. After 24 hours, the cells were washed with phosphate buffered saline (PBS) and cultured in fresh media. First, 500pM was determined as a therapeutic docetaxel dose for the MDA-MB-231 and MCF-7 cells for 72 hours. Next, selenium at 100nM, 1µM, or 10µM was added to the MDA-MB-231 and MCF-7 cells for 72 hours to confirm the independent effects of selenium on cell proliferation and survival at different concentrations before we evaluated the effect of selenium combination therapy. Second, docetaxel alone at 500pM (DT 500pM), docetaxel at 500pM plus selenium at 100nM, 1µM or 10µM (DT 500pM + SN 100nM; DT 500pM + SN 1µM; DT 500pM + SN 10µM) were added to the MDA-MB-231 and MCF-7 cells for 72 hours. The cells were then quantified in a Neubauer chamber using a hemocytometer after incubating with 0.4% trypan blue dye. All measurements were performed in triplicate, and each experiment was repeated at least three times.

Assessment of combined drug effects using isobologram analysis
--------------------------------------------------------------

Traditionally, isobologram analysis has been used as a method for identifying the combined effect of multiple drugs in terms of the additive, synergistic, or antagonistic effect. Because the combination of selenium and docetaxel was used in a nonconstant dose ratio, a normalized isobologram for the two drugs at their ED~50~ was constructed automatically using CompuSyn ver. 1.0 (ComboSyn Inc., Paramus, NJ, USA). An additive effect (if points fall on the hypotenuse), synergism (if points fall in the lower left), or antagonism (if points fall in the upper right) is indicated according to the positions of the combination data points in the normalized isobologram. The combination index (CI) provides a means to analyze the combined effects using a median-effect plot analysis. CI values \<1.0, =1.0, and \>1.0 indicate synergistic, additive, and antagonistic effects, respectively.

Apoptosis analysis using Annexin V staining
-------------------------------------------

Annexin V staining was performed according to the manufacturer\'s protocol (Pharmingen, BD Biosciences, San Jose, CA, USA). Trypsin-ethylenediaminetetraacetic acid was used to obtain single-cell suspensions. After centrifuging treated cell lines, the cells were washed twice with cold PBS and resuspended in a binding buffer (10mM HEPES, pH 7.4, 150mM NaCl, 5mM KCl, 1mM MgCl~2~, and 1.8mM CaCl~2~) at a concentration of 1 × 10^6^ cells/mL. An aliquot (100 µL) of the solution containing 1 × 10^5^ cells was transferred to a 5-mL culture tube, and 5-µL Annexin V-fluorescein isothiocyanate (FITC) and propidium iodide (PI) were added to each tube. After vortexing the tubes, cells were incubated for 15 minutes at room temperature (25℃) in the dark and 400 µL of the binding buffer was added to each tube. Flow cytometry was performed with a FACSCalibur system (BD Biosciences) within 1 hour.

Cell cycle analysis
-------------------

The growth of both cancer cell lines was inhibited probably because their cell cycles were arrested, and we determined whether the growth inhibition was a result of cell cycle arrest by analyzing the proportions of cells in different cell cycle phases. After 72 hours of treatment in each group, the cells were harvested, fixed in 70% ethanol for 1 hour, and washed with PBS. Next, the cells were treated with 100 µg/mL of RNase A for 1 hour at 37℃ and were stained with 10 µg/mL of PI. Flow cytometry was performed in triplicate for each experiment using a FACSCalibur system.

Statistical analysis
--------------------

All the data were compiled from a minimum of three replicate experiments. Student t-tests were used to compare results of treated and control cells. To compare the normally distributed continuous variables, one-way analysis of variance tests were used. To compare the nonnormally distributed continuous variables, Kruskal-Wallis tests were used. Chi-square tests were used to compare the nominal variables. Data were analyzed using SPSS ver. 17.0 (SPSS Inc., Chicago, IL, USA). Two-sided P-values less than 0.05 were considered statistically significant.

RESULTS
=======

Cell growth after combined treatment with docetaxel and selenium in MDA-MB-231 and MCF-7 cell lines
---------------------------------------------------------------------------------------------------

In the solitary selenium therapy model, there were no significant differences in cell growth among the control cells and cells treated with selenium at 100nM, 1µM, or 10µM in MDA-MB-231 cell lines (P = 0.824) and MCF-7 cell lines (P = 0.453) ([Fig. 1](#F1){ref-type="fig"}). In the DT 500pM + SN combination therapy model, cell growth decreased significantly in the group with a DT 500pM + SN 10µM compared with the DT 500pM (15% vs. 28%, P = 0.004) in the MDA-MB 231 cell line ([Fig. 1](#F1){ref-type="fig"}). However, cell growth did not significantly decrease in all DT 500pM + SN combination therapy groups compared with the solitary therapy group in MCF-7 cell lines ([Fig. 1](#F1){ref-type="fig"}).

Combined effect of docetaxel and selenium in MDA-MB-231 and MCF-7 cells
-----------------------------------------------------------------------

Normalized isobolograms were constructed for MDA-MB-231 and MCF-7 cells using dose-response curves. In MDA-MB-231 cells, synergism was generally identified when the cells were exposed to 100µM of selenium with docetaxel ([Fig. 2](#F2){ref-type="fig"}). And, an additive effect was generally identified when the cells were exposed to other doses of selenium with docetaxel. In MCF-7 cells, an additive effect was generally identified when the cells were exposed to selenium with docetaxel ([Fig. 2](#F2){ref-type="fig"}).

Apoptosis and cell cycle analysis after combined treatment with docetaxel and selenium in the MDA-MB-231 and MCF-7 cell lines
-----------------------------------------------------------------------------------------------------------------------------

In the MDA-MB-231 cell lines, early apoptosis in all combined therapy groups was not significantly different from the DT 500pM group (13%-15% vs. 18%, P = 0.125). However, late apoptosis increased in the DT 500pM + SN 10µM compared with the DT 500pM and other combination therapy groups (63% vs. 29%-36%) ([Fig. 3](#F3){ref-type="fig"}). Cell cycle analysis indicated a dominant increase in cell cycle arrest in the G2/M phase in the DT 500pM + SN 10µM groups compared with the other treatment groups ([Fig. 4](#F4){ref-type="fig"}).

In MCF-7 cell lines, the amounts of early apoptosis (6%-8 % vs. 6%) and late apoptosis (21%-25% vs. 17%) were not significantly different in all the DT 500pM + SN combination therapy groups compared with the DT 500pM group ([Fig. 3](#F3){ref-type="fig"}). Cell cycle analysis indicated a small increase in cell cycle arrest in the G2/M phase in the DT 500pM + SN combination therapy groups compared with the DT 500pM group, but no remarkable difference in cell cycle arrest in the G2/M phase was observed among the DT 500pM + SN combination therapy groups ([Fig. 4](#F4){ref-type="fig"}).

DISCUSSION
==========

In this experimental study, we investigated the combined effect of selenium and docetaxel-based chemotherapy on the growth suppression of two breast cancer cell lines (MDA-MB-231 and MCF-7). The results of our study showed that the synergistic effect of selenium on chemotherapy with docetaxel for advanced breast cancer cells was cell line-specific and selenium dose-specific. Compared with solitary docetaxel therapy, only the MDA-MB-231 cell lines treated with DT 500pM + SN 10µM showed a higher suppression of cancer cell growth. Additionally, we found increased percentages of apoptotic cells and increased DNA contents in the G2/M phase in the MDA-MB-231 cell lines treated with DT 500pM + SN 10µM, and this result was consistent with the cell growth results. However, in our study, we could not observe any synergistic effect of selenium on docetaxel therapy in the MCF-7 cell line.

Clinically, selenium may be an attractive natural additive for chemotherapy for advanced breast cancer, which is not easily curable. Selenium is involved in antioxidant reactions and redox regulation pathway as a component of seleno-proteins and as a source of seleno-metabolites \[[@B20]\]. Numerous experimental and clinical studies have demonstrated that selenium supplementation reduces the incidence of human cancers, including breast, prostate, lung, colon, and liver cancers \[[@B21],[@B22],[@B23]\]. Selenium has been established as a crucial cancer preventive element and is thought to reduce cancer progression. Although there have been no definite clinical studies, some laboratory studies have shown that selenium inhibits breast cancer cell growth in a dose-dependent manner.

Multiple chemotherapeutic agents have been developed to treat patients with advanced breast cancer. Docetaxel is generally accepted as the chemotherapy agent for patients with advanced breast cancer in whom prior chemotherapy has failed \[[@B5]\], but its clinical efficacy can be compromised by serious docetaxelrelated side effects such as serious neutropenia, fluid retention, hair loss, nail changes, and hypersensitivity reactions \[[@B8]\]. Controlling side effects associated with docetaxel therapy may improve quality of life and clinical outcomes in patients with chemotherapy. Adverse effects of chemotherapy are associated with an increase in free radicals and related oxidative damage in normal human cells \[[@B24]\]. Recently, selenium compounds have been suggested as toxicity antagonists that prevent side effects related to chemotherapy. Some animal studies have suggested that sodium selenite may reduce the side effects of chemotherapy, such as cisplatin or Adriamycin \[[@B15],[@B17],[@B18]\]. Patients often suffer from secondary lymphedema after surgical and radiological therapy because of fluid retention due to surgical- or radiation-related damage to the lymphatic system \[[@B13]\]. Selenium may improve redox balance in sparsely perfused edematous tissue and hence, may be a useful agent in controlling and alleviating lymphedema \[25\].

Considering that selenium can inhibit cancer cell growth in breast cancer patients, and can reduce the side effects of chemotherapy and lymphedema, consensus about the use of combination therapy using selenium may be a benefit treatment option in these patients. We first identified the independent effect of selenium on cancer cell growth in stepwise dose increments before evaluating the effects of selenium combination therapy. This experiment therefore precludes bias and reduces confusion regarding efficacy of selenium plus docetaxel combination therapy. It clearly verifies the efficacy of selenium as an additive to the docetaxel chemotherapy in a dose-dependent manner. Considering that only 10µM of selenium can significantly reduce the cell growth in MDA-MB-231 cell lines, the selenium combined effect is considered dose-dependent and is targeted to specific cell lines, that is, MDA-MB cell lines. Apoptosis analysis using the Annexin V-FITC staining showed high concentrated apoptosis of cells in 10µM selenium combination therapy, which inhibited MDA-MB-231 cells significantly. These results are consistent with our cell analysis data that demonstrated increased arrest in the G2/M cycle in the combination therapy group.

We could not demonstrate the exact mechanism underlying the selenium combined with docetaxel chemotherapy in this study. The mechanisms by which selenium might act on the cancer progression are not well known; however, apoptosis and programmed cell death have been postulated as primary mechanism for inhibiting cancer growth by selenium compounds \[[@B26]\]. Few studies have shown that selenium inhibited the growth of human breast cancer cells by mitochondria-mediated apoptosis and arresting the G1 cell cycle \[[@B20],[@B27]\]. Selenium-induced G1-phase arrest was associated with decreased expression levels of cyclin D1, cyclin D3, CDK4, and CKD6 and increased expression levels of p15 INK4B, p21 Waf1/Cip1, and p53 \[[@B28]\].

An interesting finding of the study is that only estrogen receptor-negative MDA-MB-231 cells showed a significant synergistic effect of selenium with the docetaxel combination therapy. Most breast cancer patients are female, and estrogen is strongly associated with breast cancer cell growth. Estrogen is thought to be responsible for the regulation of the expression of selenium-binding protein, which induces the inhibition of cancer cell proliferation during selenium treatment \[[@B29]\]. In previous *in vivo* and *in vitro* studies, selenium induced greater cell death and apoptosis in estrogen receptor-positive MCF-7 cells but not in estrogen-negative MDA-MB-231 cells \[[@B29],[@B30]\]. The mechanism of growth inhibition in estrogen receptor-positive MCF-7 cells is thought to occur through disruption of estrogen signaling \[[@B30]\]. However, selenium seemed to act differently on cancer cells when combined with docetaxel in the combined chemotherapy model. In the combined model of docetaxel chemotherapy with selenium, a synergistic effect of selenium on cell death was not observed in estrogen receptor-positive MCF-7 cells but was observed in estrogen-negative MDA-MB-231 cells. The mechanism responsible for cell death through disruption of estrogen signaling does not seem to explain our study results. The cytotoxic effect of docetaxel occurs mainly through blocking mitosis by inhibiting mitotic spindle assembly, and selenium may help induce this antimitosis reaction in MDA-MB-231 cells when given in combination with docetaxel instead of through the direct inhibition of cell growth by itself. However, it is unclear why the synergistic effect of selenium in combined docetaxel therapy differed between the estrogen receptor-negative MDA-MB-231 and estrogen receptor-positive MCF-7 cells. The different hormonal characteristics of cancers may be closely associated with the synergistic effect of selenium on the actions of docetaxel, but we cannot offer any further explanation. Further studies are needed to explore and understand these differences.

In conclusion, we have identified that the combined therapy of selenium with docetaxel inhibits cell proliferation through apoptosis and cell arrest in the G2/M phase in MDA-MB-231 breast cancer cells. Chemotherapy combined with selenium may be beneficial for the treatment in some advanced breast cancer cases. Further studies are warranted to elucidate the molecular mechanism of the growth inhibition in combined treatment of breast cancer cells.
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![Cell growth after combined treatment of docetaxel at 500pM and selenium at 100nM, 1µM, or 10µM in the MDA-MB-231 cell line (A) and the MCF-7 cell line (B). Cells were stained with trypan blue to determine cell viability and were quantified using a hemocytometer. Relative cell growth rates are shown as percent survival versus indicated cells after treatment with the drug at different concentrations. The data represent the means of at least three independent experiments and the corresponding standard errors. ^\*^P-value less than 0.05.](astr-88-55-g001){#F1}

![Normalized isobologram for selenium and docetaxel in the MDA-MB-231 (A) and MCF-7 (B) cell lines. Diagonal experimental combination data points, represented by dots located lower left, on the diagonal line, or upper right, indicate synergism, additivity, and antagonism, respectively. Fractional affected-combination index (Fa-CI) plot in combination index analysis in the MDA-MB-231 (C) and MCF-7 (D) cell lines. Combination index values \<1, =1, or \>1 indicate synergism, additivity, and antagonism, respectively.](astr-88-55-g002){#F2}

![Apoptosis after combined treatment with docetaxel at 500pM and selenium at 100nM, 1µM, or 10µM in the MDA-MB-231 cell line (A) and the MCF-7 cell line (B). All cells were stained with fluorescein isothiocyanate (FITC) conjugated Annexin V in a buffer containing propidium iodide and were analyzed using flow cytometry. For each treatment, the percentage of viable cells is shown in the lower left quadrant, for which both Annexin V and propidium iodide levels are low. Data from a representative experiment (from a total of three) are shown.](astr-88-55-g003){#F3}

![Cell cycle analysis after combined treatment with docetaxel at 500pM and selenium at 100nM, 1µM, or 10µM in the MDA-MB-231 cell line (A) and the MCF-7 cell line (B). The percentage of cells at each stage of the cell cycle was analyzed using flow cytometry after DNA staining with propidium iodide. Data from a representative experiment (from a total of three) are shown.](astr-88-55-g004){#F4}
